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ABSTRACT 
 
 

 99Mo production with linear accelerators can be achieved via the 
bremsstrahlung photonuclear reaction 100Mo(γ,n)99Mo or the neutron capture 
reaction 98Mo(n,γ)99Mo. For commercial producers, maximum recovery of 
enriched 98Mo and 100Mo target material is critical for sustaining an economic 
production cycle. During the peroxide dissolution of Mo metal disks and 
subsequent conversion to K2MoO4, several grams of Mo can be lost during 
filtration from solution when several hundred grams of sintered Mo disks are 
processed. This investigation shows that 5–8 g Mo is routinely retained on the 
filter units, but it can be almost fully recovered using aqueous washes. Washing 
can be done immediately and incorporated into the dissolution procedure, or it can 
occur several months after the initial filtration process to decrease processing 
time.  

 
 

1  INTRODUCTION 
 
 
 The radionuclide 99mTc (6.01 hr half-life) is used in approximately 80% of all nuclear 
medicine procedures performed worldwide [1]. Commercial production of its parent nuclide 
99Mo (66 h half-life), which is traditionally harvested from 235U fission, has recently branched 
into alternative production routes using natural or enriched Mo metal targets [2]. Linear 
accelerator based 99Mo production can then be achieved via either the bremsstrahlung 
photonuclear reaction 100Mo(γ,n)99Mo or the neutron capture reaction 98Mo(n,γ)99Mo. In either 
case, the high cost of enriched Mo material ($500−$1000/g for kg quantities) means that efficient 
recovery and recycling strategies for Mo are crucial to the development of the technology. 
 
 The RadioGenix generator that NorthStar developed to produce 99mTc from low-specific-
activity 99Mo uses dissolved K2MoO4/KOH as its source. The full dissolution and conversion of 
large 600 g batches of Mo metal disks to K2MoO4 can take approximately 2–3 hours to 
complete. The process begins shortly after irradiation, when Mo metal targets are placed in a hot 
cell for dissolution by hydrogen peroxide and conversion to potassium molybdate by an 
equimolar quantity of KOH [3]: 
 

2Mo(s) + 10H2O2 → [Mo2O3(O2)4(H2O)2]2- + 2H3O+ + 5H2O 
 

[Mo2O3(O2)4(H2O)2]2- + 8KOH → 4K2MoO4∙(H2O)2 + 5O2 
 
 Both reactions are strongly exothermic and vigorous, producing heat, O2, and bubbles. 
The result is a slightly alkaline, pale yellow solution containing approximately 0.2 g/mL of Mo 
(~2 M Mo).  
 
 After dissolution, the solution volume is reduced by evaporation via continuous heating 
to increase Mo concentration and destroy unreacted peroxide. Once the partial evaporation of the 
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solution is complete, and the solution is cooled, a small amount of 1 M Fe(NO3)3 solution is 
added to induce coprecipitation of the trace metal contaminants Nb and Zr, which are produced 
as byproducts during irradiation along with Fe(III). This solution must be filtered before the Mo 
product solution is adjusted to 5 M KOH. It was observed that measurable losses of Mo in the 
filter unit can occur during this filtration.  
 
 The purpose of this investigation is to assess Mo losses in two types of filters that are 
used in the full-scale process and to develop efficient Mo recovery strategies. Tc retention and 
recoveries were also monitored and reported. 
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2  EXPERIMENT 
 
 
 Solutions of 2.0–2.6 M K2MoO4 (pH 8.99–9.25) were prepared either by dissolution of 
K2MoO4 in H2O or dissolution of MoO3 into a KOH solution (pH ~10). MoO3/KOH dissolution 
is exothermic, so MoO3 was added slowly in small portions as the temperature of the solution 
reached 45°C–55°C following the reaction: 
 

MoO3 + 2KOH → 2K+ + MoO4
2- + H2O 

 
 Stock K2MoO4 solutions were divided into 500 mL aliquots for experiments. To each 
aliquot, 5 mL of 1M Fe(NO3)3

 solution was added (i.e., 5 mL Fe(NO3)3
 per 500 mL 2.6 M Mo). 

Filtration of 500 mL feed solutions represent a ~1/5 batch of 600 g Mo disk dissolution (~2.4 L). 
Solutions were spiked with a 99Mo radiotracer to determine Mo recovery yields. 
 
 Filtration and recovery characteristics were studied on two filters used in Mo disk 
processing: 
 

1) Sartorius SartoPure PP3 MidiCap Filters (Cat# 5055306P7--SS, Lot# 005005503) 
Materials: polypropylene (housing), polypropylene fleece (filter), silicone (O-rings); pore 
size: 0.45µm; max allowable pressure: 72.5 psi at 20°C. 

 
2) GE Whatman Polycap TC 36mm dia. Filters (Cat# 6714-3604, Lot# 16995055) 

Materials: polypropylene (housing), polyethersulfone membrane (filter); pore size: 
0.6/0.45µm; max allowable pressure: 60 psi at 20°C. 

 
 The assembly in Figure 1 shows the Sartorius filter placed in a vertical orientation to 
minimize loss of solution in the filter housing after filtration. Filtration was done under vacuum 
using a Welch self-cleaning dry vacuum at 400–600 torr. Filters were not wetted prior to use. 
After filtration, the filters were measured for 99Mo activity (wet or dry/drained) to analyze the 
Mo fraction retained by the filter. In the experiments followed in this report, wash solutions 
comprising 0–18 M KOH were used to recover Mo from the filters.  
 Unless otherwise stated, the valves located on individual filter units (vent valve and run-
off valve on Sartorious filters, vent valve on Whatman filters) were kept in the closed position to 
simulate the ideal hot cell operating procedure. In trials where solution is drained through the 
run-off valve, a short length of tubing was used to connect the valve to the effluent bottle. 
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FIGURE 1  Filtration assembly showing feed 
bottle (left bottom), filter unit (center), and 
effluent bottle (right). 

 
 
 Bottle and sample vial masses were recorded when necessary. Small losses of liquid 
solution, occurring as droplets in tubing or bottles after solution transfer, were minimized by 
reducing the tube length and container size. 5 mL samples of feed, effluent, and washes were 
taken by micropipette and transferred to 20 mL vials for gamma counting. 
 
 Sample activities were measured on an ORTEC high-purity germanium (HPGe) detector. 
Samples were measured at 25 cm or 50 cm using the 739.5 keV gamma energy peak for 99Mo. 
Filters were counted at 50 cm, and no geometry correction was made for the results listed in 
Tables 1–3.  
 
 Samples for ICP-MS were analyzed using a PerkinElmer NexION 2000 ICP-MS 
spectrometer. The instrument was calibrated with reference samples prepared by diluting the 
National Institute of Standards and Technology (NIST) traceable standard solutions procured 
from Ultra Scientific (North Kingstown, Rhode Island, USA). 
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3  RESULTS 
 
 
 Complete separation of Fe precipitate from the K2MoO4 solutions was achieved using 
both filters. The collected effluent solutions were a clear yellowish color (Figure 2) identical to 
solutions obtained during large-scale Mo disk dissolutions. Total filtration time for each feed 
solution varied by filter, taking either ~30 seconds (Whatman) or ~5 min (Sartorius) for complete 
filtration. Corresponding solution flow rates ranged from 1 L/min (Whatman) to 0.1 L/min 
(Sartorius).  
 
 
3.1  SartoPure PP3 MidiCap Filters 
 
 Figure 3 shows the Sartorius filter after filtration, where liquid Mo solution remains 
trapped in the filter housing. Vacuum-pulled air from the feed solution bottle flows through the 
top of the cylindrical filter past the trapped solution and does not fully drain the solution. Since 
solution is poorly recovered using blown air, aqueous washes were used to recover the remaining 
solution. Alternatively, manipulation of the run-off valve can drain the trapped solution but will 
also drain Fe precipitate. 
 
 

FIGURE 2  Effluent solution showing a 
pale yellow color. 

FIGURE 3  Sartorius filter after 
filtration, showing significant residual 
solution remaining in the housing even 
when the filter is in an upright position. 
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 Table 1 shows the results of the baseline trial measuring solution mass and activity of Mo 
remaining on the filter when no wash is added to the filter. Approximately 38 g of Mo solution 
(including Fe precipitate) remains in the filter. More significantly, 6.5% of the total Mo from the 
feed solution is trapped in the filter, and this represents a slightly higher Mo concentration 
(0.28 µCi 99Mo/g solution) than that of both feed (0.24 µCi/g) and effluent (0.25 µCi/g) 
solutions. This indicates that Mo may be weakly sorbed to the Fe precipitate or on the 
polypropylene membrane. 
 
 
TABLE 1  Mo recoveries from Sartorius filter measured by 99Mo activity with counting error 
(µCi ± err) in feed, effluent, and filter after filtration. 

  
Solution 
Mass (g) 

 
Total 99Mo Activity 

(µCi ± err) 

Mo 
(%) 

99Mo Concentration 
(µCi/g Solution) 

Mo Mass 
(g) 

Trial 1: 
No Wash 

Feed 695 168.1 ± 5.51 100% 0.24 125 

Effluent 636 162.20 ± 5.38 96.5% 0.25 121 

Filter 38.3 10.9 ± 0.36 6.5% 0.28 8.1 

 
 
 The results of washing experiments are shown in Table 2. Mo losses are reduced to about 
1% after the filter is washed with 100 mL of either H2O or 5 M KOH solution. The activity per 
mass of solution dropped by a factor of 3.5 in both trials, which is consistent with the dilution of 
~20 mL solution with 100 mL of wash solution. It can therefore be assumed that the wash 
solution and the trapped solution containing Mo mix in the filter housing before exiting the filter. 
 
 
TABLE 2  Mo recoveries from Sartorius filter measured by 99Mo activity with counting error 
(µCi ± err) in feed, effluent, and filter after filtration and 100 mL wash. 

  
Total 99Mo 

Activity (µCi ± err) 

99Mo 
(%) 

99mTc 
(%) 

99Mo Concentration 
(µCi/g Solution) 

Mo Mass 
(g) 

Trial 2: 
H2O Wash 

Feed 258 ± 10.1 100% 100% 0.37 125 

Effluent + Wash 252 ± 10.0 97.5% 97.8% 0.39 122 

Filter 2.8 ± 0.1 1.1% 1.0% 0.11 1.3 

       

Trial 3: 5 
M KOH 
Wash 

Feed 507 ± 18.3 100% 100% 0.71 125 

Effluent + Wash 492 ± 18.1 97.1% 97.5% 0.74 121 

Filter 5.85 ± 0.20 1.2% 1.3% 0.20 1.4 
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 Based on the above results, and due to the small variation in Mo species chemistry 
between pH 8 and 14, it is likely that any molar concentration of KOH will yield recoveries 
similar to those seen in Trials 2 and 3. The composition of the wash solution can therefore be 
adjusted to meet the requirements of the final effluent concentrations. For example, 18 M KOH 
solution may be added directly into the evaporation vessel after filtration to wash both the 
evaporation vessel and the filter unit while simultaneously adjusting the final solution to 5 M 
KOH. 
 
 After the baseline trial, the washing profiles of consecutive 50 mL washes of KOH 
solution were examined. The results are shown in Figure 4. Washing was followed by a manual 
drain of the remaining solution in the filter through the runoff valve. The remaining 99Mo activity 
was measured in the filter after draining to determine total Mo losses on the filter surface. As in 
the previous trials, a total of about 8 g of Mo remains on the filter after filtration. After the first 
and second washes (100 mL combined volume), Mo content in the filter was reduced to 1–1.5 g 
(1%) Mo. After 5 wash steps (250 mL) the Mo losses were reduced to roughly 300 mg (<<1%). 
Holdup volume in the filter housing remains constant throughout filtration and washing steps so 
the observed results are reflective of Mo dilution in the original solution.  
 
 

 

FIGURE 4  Washing profile of Mo collected from Sartorius filter after filtration of 
2.6 M K2MoO4 followed by consecutive 50 mL washes of 5 M KOH solution. Solution 
drained from the filter housing (via the runoff valve) and the subsequent dried filter 
were also measured after the wash steps (last two points) to confirm Mo removal. 

 
 
 The drained solution containing Fe precipitate was sampled and counted for 99Mo 
activity, showing that washing adequately removed >99% of Mo. The dried filter was removed 
and counted, showing negligible activity after draining (0.01 g Mo), confirming that nearly all 
Mo was successfully recovered. 
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 As an alternative recovery approach, draining the Mo solution directly through the runoff 
valve was also explored. The filter was tilted 45° to allow complete drainage through the valve 
as the filter was washed with 2 × 50 mL of 5 M KOH. Surprisingly, Mo was poorly recovered 
from the filter by simply draining the solution. Washes 1 and 2 recovered merely 0.38 ± 0.05 g 
Mo and 0.04 ± 0.01 g Mo, respectively, indicating that Mo may in fact be adsorbed to the 
polypropylene membrane instead of dissolved in solution as previously thought. 
 
 
3.2  GE Whatman Polycap TC Filters 
 
 Three similar trials were performed to recover Mo from Whatman filters using different 
wash solutions (0–18 M KOH). The results shown in Table 3 indicate that 96.7 ± 1.1% of Mo 
passes through the filter while about 4 g (3%) Mo remains trapped on the filter. After washing 
the filter with 100 mL of solution, Mo losses were reduced to 1–1.6 g (1%) Mo, showing results 
similar to those of the Sartorius filter. The efficiency of Mo recovery did not vary significantly 
between the 0 and 18 M KOH wash solution compositions. 
 
 Interestingly, Tc retention in the Whatman filter was markedly higher than that in the 
Sartorius filters. About 10%–15% of the total Tc content remained on the filter across all trials, 
even after washing with 0–18 M KOH. This finding points to polyethersulfone membranes as the 
most likely cause of 99mTc retention. 
 
 
TABLE 3  Mo recoveries from Whatman filter measured by 99Mo activity with counting error 
(µCi ± err) in feed, effluent, wash, and filter after filtration and H2O wash. 

  
Total 99Mo 

Activity (µCi 
± err) 

99Mo 
(%) 

99mTc 
(%) 

99Mo 
Concentration 

(µCi/g Solution) 

Mo 
Mass 
(g) 

Trial 1: H2O 
Wash 

Feed 714 ± 27 100% 100% 1.16 125 

Effluent 691 ± 27 96.8% 85.6% 1.15 121 

H2O Wash  14 ± 0.6 1.8% 2.2% 0.14 2.3 

Filter  11 ± 0.4 1.3% 11.2% 0.71 1.6 

       

Trial 2: 
5 M KOH 
Wash 

Feed 713 ± 29 100% 100% 1.20 125 

Effluent 677 ± 26 95.2% 82.8% 1.22 119 

5 M KOH Wash  28 ± 1.2 3.6% 3.8% 0.23 4.5 

Filter  9.6 ± 0.4 1.2% 13.4% 0.43 1.5 

       

Trial 3: 
18 M KOH 
Wash 

Feed 713 ± 29 100% 100% 1.20 125 

Effluent 677 ± 26 95.2% 82.8% 1.22 119 

18 M KOH Wash  28 ± 1.2 3.6% 3.8% 0.23 4.5 

Filter  9.6 ± 0.4 1.2% 13.4% 0.43 1.5 
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 A washing profile was collected for the Whatman filter and is shown in Figure 5. Mo 
recovery from the filter after two washes (100 mL combined volume) totaled 4–5 g (4%). After 
6 wash steps (300 mL), Mo losses were reduced to 400 mg (<1%), equating to near-total (>99%) 
recovery of Mo from the filter. The small fraction (440 mg) of Mo that does not wash from the 
filter may be trapped on the outside edges of the membrane, which are difficult to wash properly 
at constant flow and may require further soaking. 
 
 

 

FIGURE 5  Washing profile of Mo collected from Whatman filter after filtration of 2.6 M 
K2MoO4 followed by consecutive 50 mL washes of 5 M KOH solution. The filter was 
measured after wash steps (last point) to confirm Mo removal. 

 
 
 Based on these results, KOH solution may be directly added to the dissolution or 
evaporation apparatus and used to wash the filter while simultaneously functioning to adjust the 
final solution to the desired 5 M KOH. However, this step may only be viable if the redissolution 
of Nb or Zr from the Fe(III) precipitate is prevented. Nb is known to form oxoanionic species in 
strongly alkaline solutions such as Nb6O19

8- and HxNb6O19
(8-x)- (pH 11-14.5) and could therefore 

begin to redissolve during KOH washes, although this was not investigated in this study [5]. 
Alternatively, washing with a weaker KOH solution (~pH 9) may avoid the dissolution of Nb/Zr, 
but it will require longer evaporation times to achieve the same K2MoO4 concentration in the 
final solution, which will have been diluted by the washes. Due to the possible removal of Zr and 
Nb when a highly alkaline KOH solution is used to wash the filter, the most practical way to 
recover Mo from the filters may be to wash the filters well after the dissolution procedure is 
complete. 
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3.3  Recovery from Dried Whatman Filters 
 
 An effort was made to test Mo recoveries from dried Whatman filters used during large-
scale dissolution processes at Argonne [4]. The wash process developed in this report was used 
on filters that had been left to dry for 6–9 months. Both filters had been used for Fe-precipitate 
filtration during large-batch Mo disk dissolutions of 451.6 g Mo (Filter 1) and 365.1 g Mo 
(Filter 2) disks. Dissolved Mo batches were larger and therefore contained more Fe precipitate, 
which was captured in the filters. 22 mL and 18.3 mL of 1 M Fe(NO3)3 were used with filter 1 
and filter 2, respectively. Therefore, each filter contained considerably more Fe-precipitate (~4×) 
than those used in small-scale experimental trials. Fe breakthrough was examined in addition to 
Mo recoveries to determine whether redissolution occurred during washes. 
 
 Results for Mo and Fe content of wash solutions are presented in Table 4. The results 
show that Fe remained undissolved and was not detected in any of the KOH washes. The wash 
profiles of both filters show a gradual tapering off of Mo recoveries and suggest that nearly all 
Mo is recovered from the filters by wash 5. Filter 1 contained roughly 1.3 g Mo (0.3%) while 
Filter 2 contained about 4.7 g (1.3%) Mo in total. Although these values represent a small 
percentage of the total Mo per batch, the near-complete recovery of several-gram quantities of 
enriched 98/100Mo from filters can be done very simply and economically. 
 
 

TABLE 4  ICP-MS data for Mo and Fe recoveries from two dried Whatman filters used 
during real dissolution of sintered Mo disks. Filters were washed 5 times with a 5 M 
KOH solution. 

 Sample 
Fe 

(g/L) 
Mo 

(g/L) 
Total Mo 

(g) 

Mo 
(% of Total from 

Dissolution) 

Blank 5 M KOH < 5.85×10-2 < 2.25×10-3 - - 

Filter 1 Wash 1 < 5.85×10-2 16.95 0.85 0.19% 
 Wash 2 < 5.85×10-2 5.92 0.30 0.07% 
 Wash 3 < 5.85×10-2 2.01 0.10 0.02% 

 Wash 4 < 5.85×10-2 0.95 0.05 0.01% 

 Wash 5 < 5.85×10-2 0.61 0.03 0.01% 

 Total < 5.85×10-2 - 1.33 0.30% 

Filter 2 Wash 1 < 5.85×10-2 61.30 3.07 0.84% 

 Wash 2 < 5.85×10-2 16.55 0.83 0.23% 

  Wash 3 < 5.85×10-2 8.02 0.40 0.11% 

 Wash 4 < 5.85×10-2 4.48 0.22 0.06% 

 Wash 5 < 5.85×10-2 3.32 0.17 0.05% 

 Total - - 4.69 1.29% 
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4  CONCLUSION 
 
 
 It was demonstrated that Mo can be recovered from filters used during large-scale 
dissolution of irradiated Mo targets using water or KOH washes. After the K2MoO4 solution is 
filtered, Mo retention in the filters was as high as 8 g Mo (SartoPure MidiCap Filters) and 5 g 
Mo (Whatman Polycap filters). Mo retention most likely stems from the weak physisorption of 
molybdate to filter membrane surfaces, allowing it to be easily recovered in alkaline washes even 
after several months of drying. Draining the solution from the filter housing through the runoff 
valve was not adequate to recover most of the Mo, indicating that the majority of Mo holdup is 
associated with the membrane and not the solution: Adequate washing of the membranes is 
required. Near-complete recovery of Mo from both filters can be obtained with 100-200 mL 
washes of KOH with no detectable Fe contamination occurring.  
 
 If it is convenient to hot cell operations, a sufficient volume of KOH solution may be 
directly added to the dissolution or evaporation apparatus and used to wash the filter while also 
functioning to adjust the final solution to the desired 5 M KOH. However, it may be simpler to 
do filter washing in a procedure separate from the dissolution to avoid complications arising with 
the potentially increased solubility of Nb or Zr. Washing profiles collected from dried filters 
were nearly identical to those of freshly used filters, and no Fe breakthrough was detected in 5 M 
KOH washes.  
 
 Interestingly, the polyethersulfone-based membrane (Whatman) exhibited notably 
different sorption properties for Tc than for Mo. Tc retention on the filter was roughly 10%–15% 
of total Tc content even after KOH washes. In contrast, the polypropylene membrane showed no 
evidence of strong chemical interaction with Mo or Tc. While the underlying reason for the 
Tc-sorption property of polyethersulfone is not clear, it could be of future interest when the 
partial removal of 99gTc from 99Mo solutions is desired.  
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